The aim of the present work was to design and develop Praziquantal (PZQ) loaded solid lipid nanoparticles (PZQ-SLN) to improve the oral bioavailability by targeting intestinal lymphatic system. PZQ is practically insoluble in water and exhibits extensive hepatic first-pass metabolism. PZQ SLN were composed of triglycerides, lecithin and various aqueous surfactants; were optimized using hot homogenization followed by ultrasonication method. The optimized SLN had particle size of 123 ± 3.41 nm, EE of 86.6 ± 5.72%. The drug release of PZQ-SLN showed initial burst release followed by the sustained release. Inspite of zeta potential being around −10 mV, the optimized SLN were stable at storage conditions (5±3 ∘ C and 25±2 ∘ C/60±5% RH) for six months. TEM study confirmed the almost spherical shape similar to the control formulations. Solid state characterization using differential scanning calorimeter (DSC) and powder X-ray diffraction (PXRD) analysis confirmed the homogeneous distribution of PZQ within the lipid matrix. The 5.81-fold increase in AUC 0 → ∞ , after intraduodenal administration of PZQ-SLN in rats treated with saline in comparison to rats treated with cycloheximide (a blocker of intestinal lymphatic pathway), confirmed its intestinal lymphatic delivery. The experimental results indicate that SLN may offer a promising strategy for improving the therapeutic efficacy and reducing the dose.
Introduction
Praziquantel (PZQ) is a pyrazinoisoquinoline drug used in both veterinary and human medicine as the drug of choice against many parasitic diseases caused by cestodes and trematodes. It is widely used in developing countries for the treatment of schistosomiasis [1] and neurocysticercosis [2] . Moreover, PZQ has become the cornerstone for Hydatid control campaigns worldwide [3] . For its efficacy, safety, and comparative cost effectiveness, PZQ is included in the World Health Organization model list of essential drugs [4] . PZQ exhibits poor oral bioavailability because of its low aqueous solubility, extensive hepatic first-pass metabolism, and the short plasma half-life (0.8-1.5 hours) [5] [6] [7] . Although PZQ is a very effective anthelmintic, the above-mentioned shortcomings necessitate frequent administration of high oral doses of PZQ to overcome first-pass metabolism and to achieve sufficient plasma concentrations of PZQ at the larval tissues for eradication of cestode infection [8] .
In previous studies, researchers have focused either to increase PZQ concentrations in plasma by concomitant administration of cimetidine or food [9, 10] or to improve the dissolution rate using adjuvants such as cyclodextrins and polyvinylpyrrolidone [11, 12] . Liposomes have also been attempted to improve bioavailability [13] as well as the antischistosomal activity of PZQ [14] . The development of resistance in certain countries to PZQ also calls for developing novel drug delivery systems [6, 15] . Strategies currently being investigated to overcome these shortcomings are the improvement of oral bioavailability using solid lipid nanoparticles (SLN) and to assess alternative route for drug administration using SLN [16, 17] .
Intestinal lymphatic delivery is an emerging option for site-specific oral absorption of peptides, proteins, drugs, and vaccines [18, 19] . This avoids first-pass metabolism following peroral administration. Gastrointestinal tract is richly supplied with blood and lymphatic vessels. Since rate of fluid flow in portal blood is about 500-fold higher than that in intestinal 2 Journal of Nanotechnology lymph, the majority of the dietary compounds are transported to portal blood [20, 21] . Highly lipophilic compounds such as long-chain triglycerides with chain lengths of 14 and above would reach systemic circulation via the intestinal lymphatics [22, 23] . Several mechanisms for delivering drugs to or through lymphatics following the peroral drug delivery include paracellullar mechanism, transport through M cells of Peyer's patches, and transcellular mechanism [19] [20] [21] [22] . Among them, transcellular absorption is the most promising mechanism for the absorption of lipid carriers. The strategies such as prodrug synthesis, permeation enhancers, liposomes, microemulsions, polymeric nanoparticles, self-emulsifying drug delivery systems (SEDDS), and solid lipid nanoparticles (SLN) have been explored for the delivery of bioactives to intestinal lymphatics [19, 23, 24] .
SLN represents an alternative to traditional colloidal carriers (emulsions, liposomes, and polymeric nanoparticles) in enhancing the oral bioavailability of poorly soluble drugs. These particulate systems contain solid lipids (remain in the solid state at room and body temperatures) as matrix material which possesses adhesive properties that make them adhere to the gut wall and release the drug exactly where it should be absorbed [25] . They offer the advantages over traditional colloidal systems such as enhanced physical stability, protection of drug degradation in the body, possibility of controlled drug release, low or total absence of toxicity; drug targeting, and different possible administration routes [26] . Moreover, the lipid core of SLN may mimic chylomicron formation by enterocytes, which dissolve and assimilate lipophilic drug molecules and promote the absorption of water-insoluble drugs into intestinal lymphatics by the transcellular mechanism of lipid absorption [22] . The use of SLN as carrier for bioactives through lymphatic regions following oral administration has been investigated and documented by many researchers [19, 24, 27] .
In the present study, PZQ loaded SLN were designed and developed to improve the oral bioavailability by targeting intestinal lymphatic system. SLN were prepared by hot homogenization followed by ultrasonication method. The effects of various process and formulation parameters such as homogenization time, ultrasonication time, and surfactant/lipid composition on the physicochemical properties of SLN were investigated. The stability was assessed over a period of six months. The pharmacokinetic behavior of SLN was assessed in rats to validate the effectiveness of SLN in enhancing the oral bioavailability of PZQ. The intestinal transport of SLN after intraduodenal administration was also investigated to clarify its lymphatic delivery.
Materials and Methods

Materials. Praziquantel (PZQ) was a kind gift from
Wockhardt Research Centre (Aurangabad, India). Tripalmitin (TP) and tristearin (TS) were purchased from SRL (Mumbai, India), while poloxamer 188 (P188) and poloxamer 407 (P407) were kindly supplied by BASF (India). Trimyristin and lecithin granular (LG) were purchased from SigmaAldrich (Lyon, France) and Acros Organics (New Jersey, USA), respectively. Tween 80 (Tw80) and dialysis membrane (molecular weight cutoff-MWCO between 12,000 and 14,000 daltons) were purchased from HiMedia (Mumbai, India). Nanosep Centrifugal filter devices (Omega Membrane, MWCO 100 kD) were purchased from Pall Life Sciences (Mumbai, India). HPLC grade acetonitrile and methanol were obtained from SRL (Mumbai, India). The water used in all experiments was ultrapure, obtained from a MilliporeDirectQ UV ultrapure water system (Millipore, France). All other chemicals and reagents were of analytical grade.
Partitioning Behavior of the Drug between Lipids and
Water. PZQ (20 mg) was dispersed in a mixture of melted triglyceride (2 g) and hot water (2 mL). The mixture was kept on a hot water bath shaker maintained at temperature 10 ∘ C above the melting point of concerned lipids and shaken for 30 min. Aqueous phase was then separated after cooling by centrifugation with the help of Nanosep centrifuge tubes and analyzed for PZQ content by HPLC [28, 29] .
Preparation of PZQ-Loaded SLN.
PZQ-loaded SLN were prepared by hot homogenization followed by ultrasonication method [28] . Briefly, the lipid phase consisting of PZQ (0.05-0.2% w/v); lipid (1-10% w/v) and lipophilic surfactant (lecithin granular, 0.5-2.5% w/v) were weighed precisely with an electronic balance (Shimadzu AX100, Japan) and dissolved in a mixture of chloroform and methanol (2 : 1). The mixture was transferred to rota-evaporator at 300 mbar, 50 ∘ C (IKA RV 10 digital, Germany), to obtain a thin lipid layer. Nitrogen was blown on the lipid layer to remove traces of organic solvents, if any. The hot aqueous phase containing hydrophilic surfactant (1-3% w/v) heated to same temperature of the molten lipid phase was added to thin lipid layer and hydrated for 30 min. A coarse hot o/w emulsion thus obtained was homogenized at 13,000 rpm with the help of Ultra-turrax (T 25 digital, IKA, Germany) for 2.5-10 min. The obtained preemulsion was sonicated with probe ultrasonicator (UP 200 H, Hielscher Ultrasonics Gmbh, Germany, 13 mm microprobe with amplitude 55% at 200 W) for 2.5-10 min. To prevent recrystallization during homogenization and ultrasonication, production temperature was kept at least 5 ∘ C above the melting point of lipid. The hot nanoemulsion (o/w) obtained was quickly poured into 200 mL cold water to obtain PZQ incorporated SLN. The SLN were collected by centrifugation at 15,000 g (Cooling Centrifuge BL 24; Remi Instruments Ltd., India) for 90 min at 4 ∘ C and washed three times with purified water. The SLN were suspended in purified water and prefrozen under −40 ∘ C in deep freezer for 12 hr. The samples were lyophilized for 48 h (Lypholizer, Decibel, India) under vacuum at a temperature of −40 ∘ C using mannitol (5% w/v) as a lyoprotectant to obtain SLN powders and stored at 4 ∘ C. The control SLN was prepared in the same way without adding the PZQ.
Formulation Design.
The processing parameters such as homogenization time (HT), ultrasonication time (ST), and total volume of formulation (VF) were optimized as described previously [30] . The following formulation parameters were kept constant: lipophilic surfactant (LG) concentration (LSC) = 2% w/v, hydrophilic surfactant (P188) concentration (HSC) = 2% w/v, and Lipid (TP) concentration (LC) = 5% w/v, drug concentration (DC) = 0% w/v.
The scheme for optimization is mentioned below: The formulation parameters such as lipid type and concentration, surfactant type and concentration, and drug concentrations for preparing SLN were also optimized using formulation design (Table 2) as described previously [31] , after determination of optimum process parameters (i.e., HT = 5 min, ST = 10 min, and VF = 50 mL).
Determination of Particle
Size, Polydispersity Index, and Zeta Potential. The mean particle size (PS), polydispersity index (PI), and zeta potential (ZP) were measured by photon correlation spectroscopy (PCS) using a Particle Analyzer (Delsa Nano C; Backman Coulter, USA) at 25 ∘ C.
Transmission Electron Microscopy (TEM)
Studies. Lyophilized SLN were dispersed directly in ultrapure water. A drop of SLN dispersion was spread onto a 200-mesh copper grid coated with carbon film and stained with 2% w/v phosphotungstic acid. The grid was dried at room temperature and observed by the TEM (TECNAI-20 G 2 , FEI, Holland).
Drug Loading and Entrapment
Efficiency. PZQ-SLN (100 L) was diluted to 10 mL with chloroform/methanol mixture (2 : 1) and vortexed to extract drug from lipid. The obtained solution was filtered through 0.45 m PVDF membrane filter and total weight of drug in system ( ) was determined by HPLC. The entrapment efficiency (EE) of the PZQ-SLN was determined indirectly by calculating the amount of free PZQ (unentrapped) in the aqueous phase of the SLN dispersion. After a suitable dilution, PZQ-SLN (500 L) was transferred to the upper chamber of Nanosep centrifuge tubes and centrifuged (5000 rpm for 30 minutes). The SLN along with encapsulated drug were retained in the upper chamber, while the unentrapped PZQ along with dispersion medium moved through the filter membrane into the lower chamber of Nanosep. The amount of unentrapped PZQ ( un ) in the aqueous phase after isolation of the system was detected by HPLC. The entrapment efficiency (EE) and drug loading (DL) of SLN were calculated by equations (1) and (2), respectively [31] [32] [33] ,
where , un , and were the weight of total drug in the system, analyzed weight of unentrapped drug, and weight of lipid added in the system, respectively.
Praziquantel was quantified by a validated HPLC method [29] using an HPLC system (Waters 2998 system, Waters, USA) equipped with a PDA detector set at 217 nm and C18 column (Spherisorb ODS2, 250 mm × 4.60 mm i.d.; 5 m, Waters, USA). The mobile phase, a mixture of acetonitrile/water at ratio of 70/30, was kept at flow rate of 1.0 mL/ min at ambient temperature. Aliquots of 20 L clear supernatant samples were injected into the HPLC system.
Accelerated Stability Studies.
The lyophilized powder sample of optimized formulation was subjected to accelerated stability studies according to International Conference on Harmonisation (ICH) Q1A (R2) guidelines [30, 33] . PZQ-SLN formulations under a sealed condition were kept at refrigerated temperature (5 ± 3 ∘ C) and in stability chamber maintained at 25 ± 2 ∘ C/60 ± 5% RH and pH conditions (SGF pH 1.2 for 2 hours, SIF pH 7.5 for 6 hours). The samples were analyzed periodically for any change in average particle size and drug content for a total period of six months.
Differential Scanning Calorimetry (DSC)
Studies. Thermograms of the different samples were obtained using a DSC (DSC 30; Mettler-Toledo, Viroflay, France). The instrument was calibrated with indium (calibration standard, purity >99.999%) for melting point and heat of fusion. A heating rate of 10 ∘ C/min was employed in the temperature ranges between 20 and 200 ∘ C, under a nitrogen purge (80 mL/min).
X-Ray Diffractometry (XRD)
Studies. Powder X-ray diffraction (PXRD) studies were performed by powder Xray diffractometer (Siemen's D-5000, Germany) using Cu-K radiation (40 kV, 30 mA). The samples were scanned over a 2 range of 5 ∘ to 50 ∘ at a step size of 0.045 ∘ and step time of 0.5 s.
In Vitro Drug Release Studies.
In vitro release studies were performed using dialysis bag diffusion technique [18, 32] . The dialysis membrane was soaked in dissolution medium for 12 hours prior usage. The SLN dispersion (equivalent to 2 mg of PZQ) was placed in the dialysis bag; both ends were tightly sealed and immersed into the dialysis medium (75 mL, 0.1 M HCl for two hours and phosphate buffer pH 6.8 for 24 hours) kept at 37 ∘ C ± 1 ∘ C and stirred magnetically at 100 rpm. At regular time intervals, aliquots of dialysate samples were withdrawn and an equal volume of dissolution medium was replaced by fresh medium, so as to maintain a constant volume throughout the study. The aliquots were filtered with a 0.1 m filter and were analyzed for PZQ concentration by HPLC (see Section 2.7). Praziquantel aqueous dispersion in 0.5% methyl cellulose was used as control.
In Vivo Study
Animal Study Protocol.
The animal experiment protocol was approved by the Animal Ethical Committee of the Institute of Medical Sciences, Banaras Hindu University, Varanasi, India. Charle Foster strain albino rats (250 ± 20 g) of either sexes were housed and handled according to institutional guidelines. All animals were starved overnight prior use and divided into two groups comprising six animals in each group ( = 6).
Pharmacokinetic Study.
The in vivo performance of SLN was evaluated via oral administration of the PZQ formulations at a dose of 50 mg/kg. All animals of group I (control group) were given an oral dose of PZQ suspension (0.5% w/v methyl cellulose suspension of pure drug); group II (treated group) was administered orally with an equivalent dose of TP-SLN (F25). The formulations were administered orally with the aid of a syringe and infant feeding tube. Blood samples (0.3-0.5 mL) were drawn by retroorbital venous plexus puncture with the aid of glass capillary tubes in heparinized Eppendorf tubes at 0.08, 0.17, 0.33, 0.5, 1, 2, 4, 6, 8, 12, 18, 24, 30, 36, and 48 hrs post oral dose. Each blood sample was centrifuged at 12,000 g for 10 min; the plasma obtained was stored at −20 ∘ C until analysis by HPLC.
Quantification of Plasma Concentration by HPLC.
Samples were analyzed by an HPLC method previously reported with little modification [29] . Briefly, 200 ng internal standard working solution (diazepam 20 g/mL) was added to 200 L plasma. The samples were mixed in a vortex for 4-5 s, and then 200 L mixture of methyl alcohol and acetonitrile (1 : 1, v/v) was added. The mixture was vortexed for 3.0 min to allow complete mixing, followed by centrifugation at 15,000 g (Cooling Centrifuge, Remi, India) for 30 min. The 20 L of supernatant was injected onto the HPLC column. The HPLC system (Waters, USA) with PDA detector was used which consisted of binary pumps (Waters 515) and PDA detector (Waters 2998). The separation was carried out on a reversed phase C18 column (Spherisorb ODS2 5 m, 250 × 4.6 mm, Waters, USA) using acetonitrile-water (70 : 30) as mobile phase running at a flow rate of 1.0 mL/min at 217 nm. The chromatographic analysis was carried out at room temperature. The data was processed by means of Ezchrome Elite software (Waters, USA).
Pharmacokinetic Analysis.
Pharmacokinetic analysis was performed on each individual set of data, using the pharmacokinetic software Winnonlin 5.3 (Pharsight, CA) using a noncompartmental method.
Assessment of Intestinal Lymphatic Transport.
The intestinal lymphatic transport of PZQ-SLN was evaluated via intraduodenal administration of the PZQ-SLN formulation at a dose of 50 mg/kg. All the rats were starved overnight prior use and divided into two groups comprising six animals in each group ( = 6). The animals of group I (treated group) were given cycloheximide (CHM) solution (0.6 mg/mL) at a dose of 3 mg/kg intraperitoneally (i.p.); group II (control group) was given equal volume of saline intraperitoneally (i.p.). CHM is known to inhibit the secretion of chylomicrons from the enterocytes [33] [34] [35] . At one hour after injection, rats were anesthetized with 60 mg/kg of thiopentone sodium [28] . Small incision was made at abdomen and duodenum was located. PZQ-SLN (F25) was administered directly into the duodenum with syringe. The duodenum was ligated just under the pylorus and skin of the main incision was sutured carefully [28] . Blood samples were collected and processed as described in oral route.
Statistical Analysis.
The results were expressed as mean ± standard deviation (SD). Statistical comparisons of the experimental results were performed by Student's -test and one way analysis of variance (followed by post-Tukey's multiple comparison test). In all cases, value less than 0.05 was considered to be significant.
Results and Discussion
Partitioning Behaviour of PZQ in Lipid
Matrix. Solubility of drug in lipid is one of the most important factors for determining drug loading capacity of the SLN [36] . Partitioning behaviour of praziquantel (PZQ) was tested in three triglycerides with different chain lengths, trimyristin (C 14 ), tripalmitin (C 16 ), and tristearin (C 18 ). Partition coefficients (ratio of the amount of PZQ in lipid to the amount of PZQ in aqueous phase) obtained were 18.3 ± 2.32, 39.4 ± 4.87, and 36.3±4.22 for TM, TP, and TS, respectively. Among them, tripalmitin showed the highest solubilization capacity followed by tristearin and trimyristin. The solubilizing capacity of TP and TS was comparatively similar and, thus, TP and TS were chosen as lipid matrix for further studies.
Fabrication of Praziquantel Nanoparticles.
In the present study, a simple, economical, and reproducible method, that is, modified hot homogenization followed by ultrasonication (at above the melting point of the lipid), was employed for the preparation of PZQ-SLN. Solvent system chloroform/methanol (2 : 1) was used to disperse the praziquantel homogeneously in the lipid. Coevaporation of the lipid and drug from organic solvents in a round bottom flask was found to produce practically the highest drug entrapment in liposomes and SLN [13, 28] .
Effect of Process Variables.
The process parameters such as homogenization time (HT), ultrasonication time (ST), and the total volume of formulation (VF) have a significant effect on the physicochemical properties of the SLN produced by hot homogenization followed by ultrasonication method [30, 31] . Effect of different process variables on PS, PI, and ZP was observed and presented in Table 1 . The process parameters were optimized for preparing SLN with a small particle size (<200 nm) together with a low polydispersity (<0.3).
Effect of Homogenization Time.
As shown in Table 1 , PS and PI were not affected by increasing homogenization time (HT). The homogenization step is considered to be an intermediate step and responsible mainly for primary emulsification of lipid in aqueous phase [28, 31] . ZP was around −10 mV because of the presence of steric stabilizer.
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Effect of Sonication Time. Ultrasonication time (ST)
plays a major role in obtaining a formulation with narrow particle size distribution. Sonication breaks the coarse emulsion drops to nanodroplets and is responsible for final particle size of SLN [30, 31] . Increased ST significantly decreased both PS and PI ( Table 1 ). The sonication time of 10 min was considered suitable for SLN production. ZP was found to be around −9.7 mV.
Effect of Volume of Formulation.
In case of high shear homogenization, the basic mechanism is the homogenizer mixing efficiency, which is mainly affected by the volume of the dispersion [37] . A total volume of 50 mL corresponded to the best results in terms of PS and PI of the SLN (Table 1) .
Effect of Formulation Variables.
A variety of surfactants have been used for the preparation of SLN including phospholipids, bile salts, poloxamers, and other ionic/nonionic surfactants. The stabilization of SLN with phospholipids and an additional surfactant rather than with a single surfactant frequently yields SLN with a more homogeneous appearance and lower tendency to form macroscopic particles [38] . In the present study, a phospholipid (lecithin) along with a nonionic surfactant was used to stabilize the nanoparticles. The lecithin granular was selected as lipophilic surfactant as the schistosomiasis parasite has a high affinity for phospholipids and it is reported that ingested lipids are found to be incorporated into stable parasite structures rather than utilized by the host for degradative energy-yielding metabolism [39] .
Effect of Lipophilic Surfactant Concentration.
The lipophilic surfactant used in present study was lecithin granular (LG) which in combination with hydrophilic surfactant (P188) could effectively cover the SLN and, thus, prevent agglomeration. The PS measurements of SLN revealed that the incorporation of lecithin up to 2.0% w/v (F1 to F4) led to a concentration-dependent particle size reduction down to 117 nm. Further, increase of lecithin up to 2.5% w/v (F5) caused no further decrease in PS (Table 2 ). This observation is related to the increased concentration of surfactant (lecithin) in formulations, which reduces surface tension and facilitates the droplet division during homogenization [40] . A critical LG concentration was reached at 2.0% w/v, addition of LG above this concentration did not cause a further decrease in particle size, and no additional surface area was provided to accommodate lecithin [41] . The combination of P188 and LG as surfactant showed a significant effect on zeta potential. SLN prepared with higher LG concentration as a zwitterionic surfactant possessed the highest zeta potential of −20.7 mV (F5). EE was increased from 62% w/w (F1) to 84.7% w/w (F5) as the LG content was increased from 0.5% to 2.5% w/v; this may be due to increase in lipid content as lecithin is a phospholipid ( Table 2) .
Effect of Hydrophilic Surfactant Concentration.
Different hydrophilic surfactant (P188) concentrations enabled not only the control of the particle size, but in addition also allowed the formation of surface charge modified particles. PS and PI decreased with increasing P188 concentration up to 2.5% w/v (Table 2 ). These observations might be due to production and stabilization of smaller lipid droplets at higher HSC as enough amount of surfactant was present to stabilize the SLN. EE also increased with increasing HSC. This could be due to the presence of sufficient HSC which helped the drug to remain within the lipid particles and/or on the surface of the particles [42] . ZP decreased as the concentration of P188 increased. This could be attributed to the increased amounts of nonionic surfactant which counteract the negative charge of the particle surface, which is believed to go along with a displacement of the plane of shear of the nanoparticles and a steric stabilization of the stern layer.
Effect of Lipid Concentration.
The amount of lipid which solubilizes the drug in formulation has significant effect on the particle size of the SLN. The increase in lipid concentration (LC) from 1.0 to 5.0% w/v (F11 to F13) resulted in a significant increase in PS of the SLN ( Table 2 ). The higher viscosity of the dispersed phase due to the high lipid content would negatively affect the homogenizer efficiency and distribution of sonication energy [37] . At higher LC, the amount of surfactant available may not be sufficient to cover newer particle surfaces resulting in larger particles and more heterogeneous particle size distribution. The EE increased with increasing LC. This may be explained on the fact that, as there was increase in the lipid phase, more amount of the lipid was available for the PZQ to dissolve.
Effect of Drug Concentration.
The PS and PI of the SLN significantly increased with increasing drug concentration (0.025-0.2% w/v). ZPs were around −10 mV in all cases, whereas EE significantly decreased with increasing DC (F14 to F18). This could be due to increase in drug to lipid ratio with increasing DC at fixed amount of lipid, which resulted in higher free drug and lower EE.
Effect of Lipid Type.
The lipid core material was found to affect the extent of PZQ loading in SLN. As observed with TP-SLN (F19) and TS-SLN (F20), the EE was estimated to be 79.3 ± 0.22% and 78.4 ± 0.14%, respectively (Table 2) . However, the PS was found to be relatively lower in case of TP in comparison to TS.
Effect of Surfactant Type.
Poloxamer series of surfactant (poloxamer 188 and poloxamer 407) produced particles of lower PS and higher EE in comparison to Tween 80 ( Table 2 ). The inclusion of P188 as hydrophilic surfactant produced SLN with a particle size of about 132.3 ± 2.93 nm and a PI of about 0.248 ± 0.043. EE was slightly higher when P188 was used than P407. The results indicate that steric stabilizer (P188) in combination with zwitterionic lipophilic surfactant (LG) can be suitable for the production of desired SLN.
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Shape and Morphology.
The TEM images of blank SLN, PZQ TP-SLN, PZQ TS-SLN, and PZQ TP-SLN stability sample (six months at refrigerated conditions) are shown in Figures 1(a)-1(d) . The TEM revealed that particles were almost spherical with smooth surface morphology. The blank SLN and the PZQ-loaded SLN being similar in appearance reflects that encapsulation of PZQ did not affect the morphology of SLN. Moreover, despite the some nanoparticles aggregation after storage (Figure 1(d) ), SLN formulations with colloidal sizes were still observed. These results are in agreement with the particle size data determined by PCS (Table 2 ).
Storage Stability Studies.
The ability of the SLN to keep its physicochemical properties during storage was assessed at refrigerated conditions (5 ± 3 ∘ C) as well as at 25 ∘ C/65% RH for six months. After six-month storage at refrigerated conditions, there was insignificant difference in the PS for TP-SLN (F25) and TS-SLN (F26), while, in case of six-month storage at 25 ∘ C/65% RH, the particle size was increased significantly from the 123.1 ± 3.41 nm to 139.3 ± 3.82 nm for F25 and from the 132.6 ± 4.29 nm to 153.6 ± 4.74 nm for F26.
The EE (%) of the optimized batch TP-SLN (F25) and TS-SLN (F26) was initially found to be 86.6 ± 0.94 and 84.6 ± 0.81, respectively, which was significantly decreased to 82.6 ± 0.29 and 79.3 ± 0.47, respectively, after six-month storage at refrigerated conditions. The significant decrease in EE (%) was also observed when stored at 25 ∘ C/65% RH for 6 months and found to be 83.9±0.14 and 78.6±0.43 for TP-SLN (F25) and TS-SLN (F26), respectively, ( Table 3) .
The effect of pH on the stability of PZQ-loaded SLN was found to be remarkable (Table 3 ). The SLN kept in SGF (pH 1.2) for 2 hours showed increase in PS along with decrease in EE, whereas SLN kept for 6 hours in SIF (pH 6.8) were found to be stable. The results were in accordance with other published reports [19, 28] .
Transitions of dispersed lipid from metastable forms to stable form might occur slowly on storage due to small particle size and the presence of emulsifier that may lead to drug expulsion from solid lipid nanoparticles [26, 28, 37] . The decreased EE observed on storage could be attributed to drug expulsion during lipid modification. n absolute large negative or positive ZP (I30 ImV) is required for stability of colloidal dispersion because the electrostatic repulsion could prevent the agglomeration. The ZP of the SLN was about −10 mV, which was not high enough to provide a strong electrical field around the particles, but measuring the PS of samples throughout storage period showed no significant changes in the PS of these samples. The stability studies confirmed that SLN stabilized with a combination of stabilizers (LG and 8 Journal of Nanotechnology P188) helped the SLN to remain stable over storage period. Storage at refrigerated conditions provided marginally better stability with regards to both PS and EE.
Differential Scanning Calorimetry Studies. DSC is a useful
technique that gives an insight into the melting and recrystallization behavior of crystalline materials like SLN [43] . Figure 2 shows DSC thermograms of pure PZQ, tripalmitin, tristearin, and lyophilized PZQ-SLN. DSC thermogram of PZQ demonstrated that a sharp peak at 142 ∘ C corresponds to melting temperature of Praziquantel [44] . The thermograms of TP and TS bulk lipids showed endothermic peaks at 63.4 ∘ C and 69.6 ∘ C, respectively. In SLN formulations, the melting point of lipids were depressed in comparison to the melting Table 4 : Pharmacokinetic parameters for praziquantel in rats after oral administration of PZQ-SLNs and PZQ suspension at an equivalent praziquantel dose of 50 mg/kg (values are means ± SD, = 6). [28] . In addition, the XRD spectra obtained between angles 2 = 18 and 25 ∘ , where the bulk lipids had sharp peaks, were lowered in the diffractograms of the SLN. This indicates that the less ordered crystal arrangements of the lipid matrix in the SLN formulations compared to the bulk solid lipid, such as amorphous state, would contribute to the higher drug loading capacity [43, 45] .
In Vitro Drug Release Studies.
The in vitro release pattern of PZQ-loaded SLN was determined in 0.1 N HCl (pH 1.2) for two hours and in phosphate buffer (pH 6.8) for 24 hours. During in vitro release studies, drug was released from the SLN and diffused through the dialysis membrane into the dissolution media, while the dialysis bag retained the SLN [32] . The results revealed that all the PZQ-loaded SLN formulations passing through the strong acidic environment of the stomach (as in 0.1 N HCl) tend to release a high amount of drug, whereas, in phosphate buffer (pH 6.8), the PZQ release from SLN was in a controlled manner (Figure 4) . In phosphate buffer (pH 6.8), almost all the optimized SLN formulations showed initial burst release with the 25% of drug release within the first four hours followed by the sustained release from the SLN. The slow release of the PZQ from all SLN formulations suggests homogeneous entrapment of the drug throughout the systems. Thus, the loading dose of the PZQ due to initial burst release can be obtained and followed by maintenance dose due to the sustained release by the PZQ-SLN which in turn will prevent the fluctuations in the PZQ plasma level. Similar sustained/prolonged drug release from the SLN was also observed by other researchers [19, 21, 28] . The PZQ release mechanism in phosphate buffer (pH 6.8) from the SLN formulation was analyzed by fitting the results using four kinetic models: zero order, which explains that the drug release rate as an independent phenomenon of the drug concentration; first order, which explains the drug release rate is proportional to its concentration; Higuchi, which is dependent on diffusion under Fick's law; and KorsmeyerPeppas, when the drug release is a non-Fickian diffusion process. The determination coefficient ( 2 ) was used as an indicator of the best fitting of the data for each model. The release profiles of all the PZQ-SLN best fitted into the Higuchi equation ( 2 = 0.986) which describes the diffusion of drug from homogenous and granular matrix systems.
Pharmacokinetic Study.
The plasma concentration-time profiles for the PZQ-SLN and PZQ suspension were shown in Figure 5 . The pharmacokinetic parameters of PZQ were calculated using a noncompartmental analysis and were summarized in Table 4 . The maximum plasma drug concentration ( max ) after oral administration of PZQ-SLN was 1.8 g/mL at 0.33 h and this was lower than that observed with the PZQ suspension (2.16 g/mL at 0.17 h). However, Table 5 : Pharmacokinetic parameters for praziquantel in rats after intraduodenal administration of PZQ-SLNs at an equivalent praziquantel dose of 50 mg/kg to rats treated with cycloheximide (CHM) and saline, respectively (values are means ± SD, = 6). the decline in plasma concentration was slow and remained above the minimal effective concentration for 36 hrs [46] . The time to maximum drug concentration ( max ), halflife ( 1/2 ), and mean residence time (MRT) obtained with PZQ-SLN were significantly larger than those obtained with PZQ suspension. The MRT of PZQ-SLN is about five times greater that with PZQ-suspension. The AUC 0 → ∞ after oral administration of PZQ-SLN was 3.35-fold higher than that of PZQ suspension indicating the significant increase in bioavailability of PZQ ( < 0.05). The half-life of praziquantel increased from 1.86 hrs (PZQ suspension) to 11.5 hours (PZQ-SLN) when administered orally which reiterate the potential of SLN as a sustained release system. These results show that the incorporation of praziquantel into SLN leads to prolonged stay of PZQ in body; this could increase the duration of action of PZQ. The significantly enhanced oral absorption of SLN was consistent with that after the direct delivery to the intestine (intraduodenal administration), which indicated that the intestinal absorption was predominant in increasing the oral absorption of SLN (see Section 3.11).
Intestinal Transport of SLN.
To investigate the transport of SLN after its uptake into the enterocytes, cycloheximide (CHM) was used to inhibit the lymphatic transport pathway without nonspecific damage to other active and passive absorption pathways [33] [34] [35] . The plasma concentration of PZQ in rats treated with CHM was significantly lower in comparison to rats treated with saline ( Figure 6 ). When SLN was intraduodenally administered to rats treated with CHM, the peak plasma concentration ( max ) of PZQ from SLN was significantly reduced by 62% and the AUC 0 → ∞ of SLN decreased about 5.81-fold in comparison to values obtained with rats treated with saline (Table 5 and Figure 6 ). This could be attributed to CHM-induced blockage of intestinal lymphatic transport. The experimental results indicate that the intestinal lymphatic transport pathway plays a vital role in the intestinal transport of SLN into the systemic circulation.
Conclusion
In the present study, a poorly aqueous soluble drug PZQ was successfully incorporated into SLN by the hot homogenization followed by ultrasonication method. The type and ratio of the surfactants were important factors for the formulation.
The results of the in vitro release experiments indicated a burst release at the initial stage and sustained release subsequently in simulated intestinal conditions. The rapid release of Praziquantel from SLN and increase in particle size in acidic environment indicate that there is a need to protect SLN from acidic environment of stomach to improve bioavailability via lymphatic transport. The lyophilized PZQ-SLN dispersions can be compressed into tablets which can be coated with suitable agent to avoid the effect of SGF. Alternatively, either antacid, H 2 -blockers, or proton pump inhibitors can be given before the administration of PZQ-SLN dispersion to avoid the effect of gastric pH on PZQ-SLN. An oral pharmacokinetic study in rats showed that SLN changed the pharmacokinetic parameters and resulted in significant improvement in the bioavailability of PZQ. SLN also extended the systemic circulation time of PZQ significantly. The PZQ-SLN could be a promising vehicle for delivery of PZQ for enhanced bioavailability along with reduction in dosing frequency and better patient compliance. However, it requires further in vivo evaluations on other diseased models for exploring therapeutic application of PZQ-SLN.
